[1] We quantitatively analyze the area-age distribution of sedimentary, extrusive volcanic, and endogenous (plutonic and/or metamorphic) bedrock on the basis of data from the most recent digital Geological Map of the World at a scale of 1:25,000,000. The spatial resolution of the digital bedrock data averages 13,905 km 2 per polygon. Comparison of certain regions of the world, previously analyzed at higher spatial resolution, with the low-resolution world data reveals general consistency in the areal exposure of major rock types as well as a minor systematic bias toward older average bedrock ages in the global data set. Application of the global bedrock data to 19 large-scale drainage regions and three large, internally drained regions reveals considerable regional variability of Earth's bedrock geology that is consistent with the dominant geotectonic setting of the respective drainage region.
Introduction
[2] We are extending our previous characterizations of bedrock composition in the conterminous United States of America [Peucker-Ehrenbrink and Miller, 2002] , Alaska and Canada [PeuckerEhrenbrink and Miller, 2003] , East and Southeast Asia [Peucker-Ehrenbrink and Miller, 2003] and Brazil [Peucker-Ehrenbrink and Miller, 2007] to the entire world land surface in an attempt to improve global estimates of the lithologic composition and age distribution of bedrock using modern geographic information systems and digital geologic maps. We also use the delineation of 19 large-scale drainage regions [Graham et al., 1999] to compute the lithologic variability of bedrock draining into regions of the world's oceans. This constitutes an intermediate step toward our ultimate goal of quantifying bedrock geology of major river basins in order to investigate the relationship between bedrock composition/age and the chemical composition of continental runoff. Neither the lithologic-paleogeographic maps compiled by Ronov and coworkers at fairly coarse spatial resolution [e.g., Ronov, 1989] (and literature cited by Peucker-Ehrenbrink and Miller [2003] ) nor the earlier global data by Blatt and Jones [1975] provide sufficient details for investigating individual river drainage basins. In addition, the Ronov [1989] data do not yet provide coverage for the Quaternary. They do, however, provide the only available global estimate of temporal changes in the geological makeup of the continents throughout the Phanerozoic, as quantified by Bluth and Kump [1991] . The recently published estimates of the lithologic makeup of large river basins [Amiotte Suchet et al., 2003] do not include bedrock ages, and are thus not useful for investigating the effects of bedrock geology on the radiogenic isotope composition of continental runoff.
Data
[3] The Commission for the Geological Map of the World (CGMW) [2000] has made the Geologic Map of the World available in digital format at a scale of 1:25,000,000. The electronic directory of the commercially available CD contains the following seven ArcInfo (E00) files: geological units, geological contours, structural features, topography, hydrography, volcanism and astroblems, and grids.
[4] The Graham et al. [1999 Graham et al. [ , 2000 data provide 5-minute (2160 Â 4320 grid units), 1 = 2°( 360 Â 720 grid units), and 1°(180 Â 360 grid units) delineations of large-scale drainage basins as Cartesian Geodetic grids, derived from a 5-minute global digital terrain model [Row et al., 1995] and additional information from the CIA World Data Bank II [Gorny and Carter, 1987] . We have used the 5-minute grid unit data in combination with the global bedrock map to compute bedrock composition of 19 large-scale drainage regions into the oceans as well as large-scale internally drained (endorheic) regions (http://www.ngdc.noaa.gov/ seg/cdroms/graham).
Methods
[5] The methods used are very similar to those employed in our previous studies [PeuckerEhrenbrink and Miller, 2002 , 2004 , 2007 . Relevant projection parameters and software used are summarized in auxiliary material 1 Text S1.
[6] Ages (t) of lithologic units are defined by upper (i.e., younger) and lower (i.e., older) age boundaries. The difference between these age boundaries increases with decreasing map resolution and, generally, with the absolute age of lithologic units. In this study the average age of an individual lithologic unit (e.g., polygon 1, Figure 1 left) was calculated as the average between the upper (t 1 ) and the lower (t 2 ) age limit [t polygon1 = (t 1 + t 2 )/2). Polygon areas (a) of lithologic units that span more than one subunit (e.g., polygon 2) were divided among the subunits (polygons 2a, 2b, 2c) according to the duration of each subunit relative to the main unit (e.g., a 2a = a 2 *(t 2 À t 1 )/(t 4 À t 1 )). This is equivalent to assuming uniform survival probabilities for, for instance, Triassic, Jurassic and Cretaceous rocks. Average ages of regions that are composed of multiple polygons made up of differ- ent lithologic units (e.g., Cretaceous = polygon 1 + polygon 2a) were then calculated by multiplying the age of each lithologic unit weighted by the area each unit covers (t Cretaceous = (t polygon1 *a 1 + t polygon2a *a 2a )/(a 1 + a 2a )). The half-area age is the age at which the area covered by younger bedrock equals the area covered by older bedrock. Uncertainties were computed using a Monte Carlo method with uniform age probabilities between the lower and upper age limits. This method has a tendency to overestimate ages because of the decreasing survival probability of bedrock units with time [Gregor, 1968; Gilluly, 1969; Garrels and Mackenzie, 1971] . The degree to which ages are overestimated increases with the difference between lower and upper age limits. Overestimation is most significant for Precambrian units and, in general, for bedrock maps with low temporal (and spatial) resolution. Ages of Archean units are also influenced by the choice of the lower age limit that is usually not specified. For instance, changing the lower age limit from 3600 to 3900 Ma leads to an increase in the average age of Archean units by 150 Myr. At the end of section 4 we investigate quantitatively by how much average ages change if an exponential age model is used.
World Bedrock: Results and Discussion
[7] The results of our global analysis are summarized in Table 1 (complete data are in auxiliary material Table S1 ). Abbreviated rock descriptions, number of polygons per lithologic unit, and the respective bedrock area are listed in auxiliary material , or 7.9%, of the entire land area (8.7% of the bedrock area), whereas endogenous rocks cover 28,687,027 km 2 , equivalent to 19.2% of the total land area (21.4% of the bedrock area). This compares reasonably well with an earlier estimate by Blatt and Jones [1975] that determined the relative global exposure of sedimentary (66%), extrusive (8%) and endogenous bedrock (26%, i.e., 9% intrusive plus 17% metamorphic and ''Precambrian'' rocks). Blatt and Jones [1975, Table 3 ] based their analysis on 783 randomly chosen bedrock locations worldwide, a much lower spatial resolution than our present analysis (see Figure 2 ). Our data indicate slightly greater exposure of sedimentary rocks (70% versus 66%) and less exposure of endogenous rocks (21.4% versus 26%). Classifying Blatt and Jones's [1975] ''Precambrian'' rocks entirely as endogenous bedrock rather than partly as sedimentary bedrock may contribute to this discrepancy. For instance, Blatt and Jones [1975] indicate that geologists classify $5% of Precambrian rocks as sedimentary. Given these uncertainties, both estimates are essentially identical.
[9] Further sub-classification of these major lithologic units into marine and continental sediments, mafic and felsic volcanic, as well as plutonic and metamorphic rocks, as done in previous studies using higher-resolution digital bedrock maps, is not possible with this low-resolution global data set. However, comparison with previously published estimates of the global abundance of sedimentary and volcanic rocks reveals good overall agreement [Clarke, 1911; Holmes, 1913; Khain and Ronov, 1960] . This confirms a conclusion drawn by Blatt and Jones [1975, Table 2 ] that differences in map resolution (1:250,000-1:5,000,000) had little effect on estimates of relative distribution of rock types exposed in the U.S.
[10] The spatial resolution of the data varies from 6467 km 2 per polygon for volcanic rocks, 9597 km 2 per polygon for endogenous rocks, to 16,775 km 2 per polygon for sedimentary rocks. On average, the spatial resolution of dated bedrock is 12,964 km 2 per polygon (Figure 2 ). This resolution is comparable to a $1°gridded map [e.g., Amiotte Suchet et al., 2003] . It is more detailed than the global compilation at a 2°scale by Bluth and Kump [1991] and Gibbs and Kump [1994] , which are based on paleogeologic reconstructions by Ronov and coworkers [e.g., Ronov, 1989] , and much more detailed than the low-resolution data of Blatt and Jones [1975] .
[11] We use data for sedimentary bedrock (5598 polygons), volcanic rocks (1813 polygons), and endogenous rocks (2989 polygons) to compute normalized cumulative surface area for each time period mapped (Figure 3) . Area values of undifferentiated units such as ''Paleozoic to Mesozoic'' were divided according to duration (km 2 Myr À1 ) among the subunits. The Harland et al. [1990] (Cambrian-Precambrian boundary modified to 544 Ma) and Lumbers and Card [1991] timescales were used to define upper and lower age limits of each unit. It should be noted that at the given temporal resolution of the data, the choice of timescale is of minor importance to the data quality. The coarser temporal resolution of the global data implies a larger uncertainty in the calculated area-age relationships compared to previously analyzed data [Peucker-Ehrenbrink and Miller, 2002 , 2004 , 2007 . As we assign average ages of lithologic units based on the midpoint between the upper and lower age boundaries, a coarser temporal resolution tends to overestimate average ages compared to bedrock data with higher temporal resolution. This is caused by the fact that the survival probability of older bedrock decreases exponentially due to the combined effects of erosion (e.g., cannibalistic recycling of sedimentary rocks) and burial [e.g., Gregor, 1968 Gregor, , 1970 Gregor, , 1985 Garrels and Mackenzie, 1969; Gilluly, 1969; Blatt and Jones, 1975] . We argue that this explains the offset to older average ages of some major lithologic units in the global data set compared with regional, higher-resolution data sets (see Table 2 and Figures 4 and 5) .
[12] In order to investigate the severity of the age bias we have evaluated a different age model that takes the decreasing survival probability of older strata into account (Gregor [1968] ; Gilluly [1969] , Garrels and Mackenzie [1971] ). Rather than using the average between upper and lower age limits (t a = t 1 + [t 3 À t 1 ]2, Figure 1 right) we use an exponentially decreasing survival probability from the upper to lower age limit (Figure 1 right) . The end-points of exponential line segments in plots of age versus cumulative area are defined by the upper (t 1 in Figure 1 right) and lower (t 3 in Figure 1 right) age limits (abscissa) and the relative cumulative area coverage at these age limits (a 1 and a 3 in Figure 1 right, respectively). The average age of a unit is defined as the age (t e ) at which, given an 2006GC001544 exponential survival probability, the area covered by younger strata equals the area that is covered by older strata (a 0.5 = a 3 + [a 1 À a 3 ]/2). This age model shifts average bedrock ages to younger ages compared to a uniform survival probability within each unit (t a in Figure 1 right) . A comparison of the uniform and exponential survival probability models yields the following results for the 1:25,000,000 global bedrock map (CGMW, 2000): The average global bedrock age decreases from 574 Myr (uniform probability) to 459 Myr (exponential probability), whereas the average age of sedimentary . The hatched diagonal line indicates perfect agreement between estimates based on global data and those of regional data. While the agreement is generally good, there are notable exceptions (e.g., average age of endogenous rocks in Alaska is much older based on global data than on the higher-resolution regional data). Regional estimates of endogenous bedrock have been computed as the sum of igneous, ultramafic, and metamorphic bedrock. Regional estimates for sedimentary rocks have been computed as the sum of terrestrial and marine sedimentary rocks.
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Figure 5. The figure shows area-age curves of sedimentary (blue circles), volcanic (black triangles), intrusive (red squares), metamorphic (pink rectangles), and endogenous (magenta squares, world map only) bedrock. The top panels show data for the conterminous U.S., Alaska, Canada, and east and Southeast Asia that are computed from the 1:25,000,000 global bedrock map. Data in the bottom panels are computed for the same regions using higherresolution regional bedrock maps. Cumulative area percentages versus time are plotted. Area-age curves of endogenous bedrock (top panels) are roughly equivalent to the weighted sum of area-age curves of intrusive and metamorphic bedrock (bottom panels).
rocks shifts by 45 Myr from 246 to 201 Myr. Ages of volcanic rocks shift from 331 to 283 Myr, whereas average ages of endogenous rocks decrease from 1745 to 1375 Myr. This comparison demonstrates that the choice of age model, the choice of absolute age of the lower Archean age limit as well as the map resolution (i.e., time resolution) affect average ages. These issues must be considered when comparing results derived from maps with different resolutions.
Large-Scale Drainage Regions: Results and Discussion
[13] Data for the 19 large-scale drainage basins and internally drained regions, as delineated by Graham et al. [1999 Graham et al. [ , 2000 , are summarized in Table 2 (complete data are in auxiliary material Table S2 ). The table includes data on the total surface area of each drainage region, and the relative proportions of land, lake, ice and ocean.
In addition, the table includes data on the bedrock area and relative proportions covered by sedimentary, extrusive and endogenous bedrock. Average ages and age uncertainties (1 SD) for major lithologic units are also given. The raw data are presented in auxiliary material Figure 6 . Average bedrock ages, weighted according to bedrock area assuming a uniform age distribution, and lithologic composition of 19 large-scale drainage regions [Graham et al., 1999] are shown. Pie charts indicate relative abundance (numbers in % inside or outside the pie charts) of extrusive (black), sedimentary (blue), and endogenous (red) bedrock in each drainage region. Marine areas, though shown in the same colors as the respective continental drainage region, were not included in the quantitative analysis because higher-resolution estimates have been published for the age distribution of oceanic crust. endogenous rocks is as low as 4.8% (Caspian and Aral Seas) and as high as 48.4% (Antarctica).
[14] The age structure of these large-scale drainage regions varies considerably, reflecting the relative abundance of predominantly young sedimentary and extrusive bedrock versus old endogenous bedrock (see Figures 3-5) . The average bedrock ages of the large-scale drainage regions, weighted according to bedrock area, varies by more than an order of magnitude from 144 ± 22 Myr (1 SD) for the west coast of South America to 1831 ± 132 Myr (1 SD) for the Hudson Bay (auxiliary material Table S2 and Figure 6 ). The geologic makeup and age structure reflects the predominant geotectonic setting in each of the 19 large-scale drainage regions. Regions dominated by convergent margins, particularly those involving oceanic and continental plates (e.g., west coasts of North and South America) are dominated by young bedrock with large proportions of extrusive rocks. Regions that are dominated by Precambrian shields are, in contrast, characterized by old bedrock (e.g., Hudson Bay, Baltic Sea) and generally have a higher proportion of endogenous bedrock.
[15] Average bedrock ages of three large-scale endorheic regions (see Table 2 and auxiliary material Figure 7) . Consequently, the average age of exorheic land area is $35 Myr older than the global average bedrock age. Formation and destruction of internally drained basins during plate tectonic evolution of the Earth's crust is one mechanism affecting the average age of the bedrock that is hydrologically connected to the oceans.
Summary
[16] We show that the world bedrock data at a scale of 1:25,000,000 is sufficiently accurate for a quantitative assessment of global bedrock geology. The data can be used to investigate the regional variability of bedrock in large-scale drainage basins. We show that regional variations are considerable, both with respect to lithologic composition and age structure. At a statistically meaningful coverage of at least $20 polygons per drainage area, the average spatial resolution of the world bedrock data ($13,000 km 2 polygon À1 ) is sufficient for performing bedrock analyses of river drainage . At this resolution the $50 largest river basins [Meybeck and Ragu, 1996] can be investigated, and the makeup of their bedrock lithology and age structure compared with hydrochemical data [Amiotte Suchet and Probst, 1995] . Such an analysis may reveal interesting correlations between bedrock geology and chemical composition of continental runoff, thereby enhancing our understanding of linkages between temporal variations in the surface of Earth and the chemical composition of seawater. = 2°, and 1°data sets of continental watersheds and river networks for use in regional and global hydrologic and climate system modeling studies: Watershed and drainage network data evaluated at three spatial resolutions with supporting documentation: Digital data on 5 minute,
